Introduction
A major drawback of bacterial cellulose (BC), or indeed any other native nanocellulose, is its inherent hydrophilicity, which results in poor adhesion to hydrophobic polymer matrices, such as polylactide (PLA). This can be overcome by modifying the surface of cellulose crystals to improve compatibility to a matrix, usually accomplished by grafting various hydrophobic moieties onto the surface [1] . Polymers have also been grafted ''onto'' or ''from'' the nanocellulose, this has yielded nanocomposites with improved properties [2] . However, such crosslinking and grafting strategies typically involve complex chemistry, large excesses of the grafting agent and require rather harsh conditions. Alternatively, the polymer matrix (for example, PLA) can, in some cases, be modified, by incorporating or grafting maleic anhydride or methylene diisocynate moieties onto the polymer backbone to enhance the nanofibre-matrix interface [3] . Such modifications of PLA are problematic, suffering from low yields (0.7-3 mol% only) and complicated side-reactions leading to chain degradation. In addition to this, grafting maleic anhydride onto PLA does not always result in improved mechanical performance of the nanocomposites. The poor mechanical performance of these composites can be attributed to polymer chain degradation as a result of incorporating maleated PLA into the matrix. Furthermore, all the current strategies involve petrochemicals, some of which are toxic, thereby reducing the bio-derived content of the composites. We have previously reported the preparation of a new lactone 1 ( Fig. 1) , derived in three high yielding steps from Dgluconlactone [4] . Copolymers of 1 and lactide (e.g. RP1, Fig. 1 ) were significantly more hydrophilic than PLLA. Herein, we investigate the application of RP1 as a bio-derived compatibiliser for the production of PLLA-BC nanocomposites with improved mechanical properties. 
Results and discussion
In order to assess its suitability the wettability of BC nanofibrils by RP1 was characterised. This was accomplished by the measurement of the contact angles between polymer droplets deposited on to BC fibres. It involves precipitating the polymer onto BC fibres, followed by heating to melt the polymer. The polymer droplets, on a single BC fibre, were imaged using SEM and the contact angles were determined using the generalised drop length-height method. SEM image of polymer droplets on single BC nanofibre is shown in Fig. 2 . The contact angle measurements showed that RP1 indeed possessed a higher affinity (Table 1) , i.e. lower contact angle, towards BC nanofibres than PLLA. The contact angles decreased from 35.4° for PLLA to 14.9° for RP1. This decrease can be attributed to the higher hydrophilicity of RP1 compared to PLLA. Additionally, a polymer blend containing 5 wt.-% RP1 in PLLA showed a lower contact angle than that of PLLA, indicating the improved adhesion between the polymer blend and BC. Tensile tests showed that RP1 has a lower Young's modulus and lower tensile strength than PLLA. Its lower stiffness and strength are likely due to this reduction in crystallinity, presumably caused by the two acetyl substituents. Blending 5 wt.-% RP1 with PLLA resulted in a reduction of the tensile strength of the blend, which decreased by 12% from 63.1 MPa to 56.1 MPa. As expected, the incorporation of the stiff BC (5 wt.-%) into PLLA resulted in a higher Young's modulus compared to PLLA, increasing by 12% (from 4.08 GPa to 4.55 GPa). The rule-ofmixtures for composite materials predicts that the introduction of a stiff filler/reinforcement (in this case, the stiff BC nanofibres) into a softer polymer matrix (in this case, PLLA) will improve the Young's modulus of the composite. However, the tensile strength of the PLLA-BC (5 wt.-%) nanocomposite decreased by 10%, from 63.1 MPa for PLLA to 57.8 MPa. This is consistent with our previous findings and is a result of insufficient interfacial adhesion between BC nanofibrils and PLLA. When BC nanofibres were used as filler (5 wt.-%) for RP1, the Young's modulus of the resulting nanocomposites increased from 3.74 GPa to 4.33 GPa (table 2) . It is important to note that the tensile strength of the RP1-BC nanocomposite also improved from 35.6 MPa to almost 52 MPa. This improvement is attributed to the better affinity between BC nanofibrils and RP1, which enables efficient transfer of stress from the matrix to the reinforcing nanofibres. The direct wetting measurements corroborate the tensile properties of the nanocomposites (see table 1 ).
Conclusions
In conclusion, we reported the use of a bio-derived PLLA copolymer (RP1) as a compatibilising agent to produce BC reinforced PLLA nanocomposites with high stiffness and strength. The preparation of BC-PLLA nanocomposites, using 5 wt.-% RP1 as the compatibiliser, resulted in an improvement of both the Young's modulus (15% higher) and the tensile strength (7% higher) compared to the PLLA-BC composite. BC nanocomposites with high BC loading of 60 vol.-% was also manufactured. A Young's modulus and tensile strength of 6.5 GPa and 125 MPa were achieved, respectively (results not shown). The bio-derived copolymer enables enhanced fibre-matrix stress transfer leading to better performance. The approach is completely different to the conventional use of petrochemically derived compatibilisers, such as maleic anhydride grafted PLA, and highlights the potential to use bioderived polymers to prepare fully renewable composite materials.
